Thirteen strains of the gram-negative, facultative phototrophic bacterium Rhodobacter sphaeroides were examined for susceptibility to ,-lactam antibiotics. All strains were sensitive to the semisynthetic penicillins ampiciflin, carbenicillin, oxacillin, cloxacillin, and methicillin, but 10 of the 13 strains were resistant to penicillin G, as well as a number of cephalosporins, such as cephalothin, cephapirin, and cephalosporin C. A ,1-lactamase (EC 3.5.2.6) with strong cephalosporinase activity was detected in all of the resistant strains of R. sphaeroides. With strain Y-1 as a model, it was shown that the (-lactamase was inducible by penicillin G, cephalosporin C, cephalothin, and to some minor extent, cephapirin. The j-lactamase was located in the periplasmic space, from which it could be extracted by osmotic shock disruption. By using this fraction, the j-lactamase was purified 34-fold to homogeneity by steps involving batch adsorption to and elution from DEAE-Sephadex A50, chromatography on Q-Sepharose, and preparative polyacrylamide gel electrophoresis. The molecular masses of the native and denatured enzymes were determined to be 38.5 kilodaltons by gel filtration and 40.5 kilodaltons by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, respectively, indicating a monomeric structure. The isoelectric point was estimated to be at pH 4.3. In Tris hydrochloride buffer, optimum enzyme activity was measured at pH 8.A. The j8-lactamase showed high activity in the presence of the substrates cephalothin, cephapirin, cephalosporin C, and penicillin G, for which the apparent Km values were 144, 100, 65, and 110 ,iM, respectively. Cephalexin, cepharidine, and cephaloridine were poor substrates. The j-lactamase was strongly inhibited by cloxacillin and oxacillin but only slightly inhibited by phenylmethylsulfonyl fluoride or thiol reagents such as iodoacetate and p-chloromercuribenzoate.
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Bacterial resistance to penicillins or cephalosporins is associated primarily with the formation of 13-lactamases (EC 3.5.2.6) (18) . Although strains of the facultative phototrophic bacterium Rhodobacter sphaeroides have been reported to be remarkably resistant to penicillin, as well as a number of semisynthetic penicillins (14, 16, 17) , the enzymes that mediate such resistances in photosynthetic bacteria have not been studied. Only penicillin-binding proteins of R. sphaeroides 2.4.1 have been characterized in terms of size and cellular localization (22) .
In the present communication, we show that most of our R. sphaeroides wild-type iso-lates were resistant to penicillin and a number of cephalosporins but not to semisynthetic penicillins. Resistance was associated with a periplasmic P-lactamase whose isolation from a phototrophic bacterium and characterization are reported for the first time.
MATERIALS AND METHODS
Bacterial strains. R. sphaeroides is a purple nonsulfur bacterium. Strains DSM 158 (identical to ATCC 17023, NCIB 8253, and ATH 2.4.1), DSM 159 (1760-1), and DSM 160 (Y) were obtained from the German Collection of Microorganisms (Braunschweig, Federal Republic of Germany [FRG] ); strains designated Nea (from harbor water, Naples, Italy), Si (from pond water in Singapore), and Gi (from water of the river Gironde in France) were isolates of this laboratory (19) .
Growth media and conditions. Stock cultures were grown * Corresponding author.
anaerobically in the light (3,000 lx; 30°C) in 10-ml screw-cap tubes with tartrate-mineral medium (19) and then stored for several months at 4°C. In the experiments of this study, the bacteria were grown aerobically with shaking (150 rpm) in YP medium consisting of 0.3% yeast extract and 0.3% peptone (pH 7.0) or LB medium consisting of 1% Casamino Acids, 0.5% peptone, and 1% NaCl (pH 7.0). For enzyme production, cells were grown chemotrophically on LB medium supplemented with an additional amount of 0.6% (wt/ vol) glycerol in a 1-liter fermentor (Deutsche Metrohm GmbH & Co., Filderstadt, FRG). Growth was monitored by measuring A650.
Susceptibility tests. The MIC of each antibiotic was tested. Test tubes filled with 3 ml of YP medium were inoculated with 5% of a chemotrophically grown log-phase culture (A650, -0.6). The antibiotics were then added at various concentrations, and the cells were incubated for 18 h under aerobic conditions at 30°C.
Enzyme assays. 3-Lactamase activity was measured spectrophotometrically in 1-ml quartz cuvettes at 30°C in the presence of cephalosporins (20) . The differential extinction coefficients of the cepalosporins were as follows (20) : cephalothin, Ar265 = -7,450 liters mol-' cm-' (15); cephapirin, Ar265 = -7,800 liters mol-1 cm-'; cephalosporin C, Ar265 = -5,883 liters mol-1 cm-'. For the poor substrates cephalexin, cepharidine, and cephaloridine, the AE values were not determined. The reaction mixture contained in the following in a final volume of 1 ml: 50 ,u.mol of Tris hydrochloride buffer (pH 8.5) and 0.2 ,umol of the substrate. The reaction was started by addition of appropriate amounts of the enzyme. One enzyme unit was defined as the amount of the enzyme that hydrolyzed 1 p.mol of the substrate minunder assay conditions.
In the presence of penicillin G, the ,-lactamase activity was measured microiodometrically (20) . The assay contained the following in a final volume of 1 ml: 50 ,umol of sodium phosphate buffer (pH 6.9) and 0.4 ixmol of sodium penicillin. The reaction was started by addition of 30 ,ul of enzyme solution. After incubation for 10 min at 30°C, the reaction was stopped by addition of 0.5 ml of a solution containing 1 ,umol of sodium acetate buffer (pH 4.0) ml-' and 0.075 ,umol of sodium tungstate ml-'. Immediately after the reaction mixture was cooled to room temperature, 1.5 ml of an iodine-starch solution consisting of 0.4% starch, 0.08 mmol of I2 liter-and 1.6 mmol of KI liter-1 was added. After the assay was allowed to stand for 15 min, the A260 of the assay and that of a blank were read. The enzyme activity was calculated from the difference between the assay and the blank; one absorbance unit was equivalent to 30 nmol of penicillin G hydrolyzed (15 DSM 158  25  3  6  6  6  13  50  13  25  13  13  1  DSM 159  25  3  1  3  2  3  200  50  50  13  13  1  DSM 160  50  6  6  6  3  13  400  400  200  25  25  1  Y-1  50  3  2  2  2  6  200  200  200  25  50  1   Neal  25  3  2  3  2  6  400  400  100  25  25  1  Nea2  50  2  2  6  3  13  100  50  50  25 CeUlular location of P-lagtamase. Table 3 shows the distribution of the P-lactamase activity in various fractions of a culture grown in the presence of penicillin G (50 ,ug ml-) in LB medium. Practically no P-lactamase activity could be detected in the culture supernatant on harvesting. On the other hand, the cell-bound enzyme was fully released by osmotic shock disruption, indicating that it is located in the periplasmic space (9) . Consequently, only negligible amounts of P-lactamase were fouind in extracts of the remainder of the intact cells. This prompted us to start the enzyme purification from the osmotic shock fraction. LB medium in the presence of penicillin G (50 ,ug ml-'). This batch yielded about 15 g of wet cells, from which purification was started. The details of this procedure are summarized in Table 4 . If not stated otherwise, all steps were performed at room temperature (about 20°C).
Step 1. Osmotic shock disruption was performed with 15 g of wet cells, as described in detail in Materials and Methods. The resulting fraction was cleared by centrifugation, and the supematant containing most of the P-lactamase was further treated.
Step 2. Five grams (dry weight) of preswollen DEAESephadex A50 was added to the supematant of the preceding step with gentle stirring. After 15 to 30 min, the P-lactamase was completely adsorbed to the anion-exchange material. The matrix was then exhausted on a suction funnel and washed with 500 ml of 50 mM potassium phosphate buffer (pH 7.0) containing 0.1 M NaCl. Subsequently, the enzyme was eluted with another 150 ml of this buffer containing 1. M NaCl. The resulting fraction was concentrated by ultrafiltration at 4°C and subsequently dialyzed against 0.02 M potassium phosphate buffer (pH 7.0). Step 3. The dialyzed protein solution was applied to a Sepharose Q column (2.5 by 5 cm) equilibrated with 0.02 M potassium phosphate buffer (pH 7.0). The ,-lactamase was eluted within a relatively sharp protein peak (Fig. 1) at a flow rate of 30 ml h-1 with a linear NaCl gradient (2 volumes of 500 ml each, containing 0 and 0.4 M NaCl). Fractions 89 through 98 (5 ml each) were pooled and concentrated at 4°C to a volume of about 2.5 ml.
Step 4. Preparative gel electrophoresis. Final enzyme purification was achieved by preparative PAGE. A 0.5-ml sample of the enzyme preparation of the preceding step was applied to a slab gel and subjected to electrophoresis as described in Materials and Methods. Subsequently, the position of the P-lactamase was located on the gel by activity staining with the chromogenic cephalosporin derivative PADAC (see Materials and Methods). The corresponding gel section was cut out, and the enzyme was recovered from the gel by electroelution (see Materials and Methods).
Altogether, this procedure resulted in 34-fold purification of the P-lactamase from the periplasmic extract to a specific activity of 195 U/mg of protein. This final enzyme preparation appeared to be homogeneous following analytical PAGE (Fig. 2) . It should be pointed out that the following purification techniques proved unsuitable for final enzyme purification. (i) affinity chromatography on triazine dye matrices and (ii) hydrophobic chromatography on phenyl Sepharose resulted in a dramatic loss of enzyme activity. (iii) Because of the low isoelectric point (see below), the P-lactamase did not bind to the cation exchanger at a pH that retained enzyme activity (pH 6.0 to 8.5). (iv) Fast-protein liquid chromatography with a mono Q column did not result in efficient resolution of the proteins of the preparation (step 3) when buffers ranging from pH 6.0 to pH 9.0 were used. Stability. The stability of the ,-lactamase was tested in 0.05 M potassium phosphate buffer. It was strongly dependent on the protein concentration. At concentrations of >2 mg ml-', the enzyme was reasonably stable for 6 months during repeated freezing (-20°C) and thawing. During 14 days of incubation at -20, +4, and +30°C (in the presence of 20% sucrose), the enzyme lost 0, 30, and 60% of its activity.
Molecular mass. The molecular mass of the native protein was determined by gel filtration on Sephadex G75. The Kay value of the enzyme corresponded to a molecular mass of 38.5 kDa. Sodium dodecyl sulfate-PAGE in 7.5 and in 15% gels yielded a single polypeptide chain, the position of which corresponded to a molecular mass of 40.5 kDa. The results indicated that the ,-lactamase of R. sphaeroides is a monomeric enzyme. Details of marker proteins and experimental conditions are given in Materials and Methods.
Isoelectric point. The isoelectric point of the purified P-lactamase, as determined by isoelectric focusing in polyacrylamide gels (see Materials and Methods), was at pH 4.3. Kinetic properties. Kinetic measurements were performed in both the spectrophotometric assay with cephalosporin substrates and the microiodometric assay with penicillin substrates. To minimize complications produced by UV absorption of the substrate and product(s), only the initial rates over the first 30 s were used to calculate enzyme activity (20) . The optimum pH of the P-lactamase as determined in 0.05 M Tris hydrochloride buffer in the presence of cephalosporin C was pH 8.5, with 50% activity at pH 7.0 and 80% activity at pH 9.0. The enzyme exhibited hyperbolic substrate saturation curves whose double reciprocal plots allowed the calculation of the Km values of cephalothin, cephapirin, and cephalosporin C of 144, 100, and 65 ,um, (14, 16) . In the case of R. sphaeroides RS601, penicillin resistance is associated with a bacteriophage-encoded penicillinase (25) . However, to our knowledge, no further information on a 13-lactamase produced by R. sphaeroides or any other photosynthetic The inhibition studies were performed at 30°C in the spectrophotometric assay buffer containing purified ,B-lactamase (0.09 U each) and the compounds at the concentrations indicated. After 10 min of preincubation, the reaction was started by adding 0.2 ,zmol of cephalosporin C ml-'. bacterium exists. Therefore, the aim of this research was to analyze the susceptibility of our R. sphaeroides strains to P-lactam antibiotics more systematically and to characterize the enzyme system that confers ,B-lactam resistance to this organism. Since R. sphaeroides is a nonpathogenic bacterium which has no clinical importance, we used only a limited number of common 1-lactam antibiotics sufficient to characterize the susceptibility of strains, as well as the substrate specificity of the enzyme.
Our study confirms the widespread penicillin resistance of R. sphaeroides but shows additionally that its 1-lactam resistance is directed mainly to cephalosporins. This physiological property correlates well with the formation of a periplasmic ,B-lactamase exhibiting high cephalosporinase activity but poor penicillinase activity.
The bacterial P-lactamases have been classified on the basis of such properties as substrate profile, susceptibility to inhibitors, molecular mass, and isoelectric point (18, 23) and more recently into molecular classes on the basis of their sequence homologies (1, 3, 11) . On the basis of the Richmond and Sykes system, the R. sphaeroides P-lactamase resembles the chromosomally encoded cephalosporinases (included in class I) of gram-negative bacteria (24) which play an increasingly important role in the P-lactam resistance of clinical isolates (21) . These enzymes are relatively large (-30 to 42 kDa), predominantly active against cephalosporins, strongly inhibited by cloxacillin, but only slightly affected by the thiol reagent p-chloromercuribenzoate. In addition, chromosomally encoded P-lactamases have been shown to contain active-site seine residues which participate in the reaction (12) . The relatively weak inhibition of the R. sphaeroides t-lactamase by the seine protease inhibitor phenylmethylsulfonyl fluoride may mean that an active-site seine residue is present but not easily accessible for this reagent. But unlike most chromosomal cephalosporinases, which generally are basic proteins (24) , R. sphaeroides r-lactamase has an acidic isoelectric point (at pH 4.3).
Nevertheless, as long as the genetic basis of the R. sphaeroides P-lactamase has not been elucidated, the enzyme should not be grouped in class I of the Richmond and Sykes system. Since R. sphaeroides Y harbors two cryptic plasmids (5) , the possibility exists that the P-lactamase is mediated by one of these plasmids. Therefore, current research is directed to localizing the ,3-lactamase structural gene in the R. sphaeroides genome and to studying the genetic control responsible for its expression. ACKNOWLEDGMENT This work was supported by a grant from the Deutsche Forschungsgemeinschaft.
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